Experimental research in the field of pipe conveyors is a difficult matter and yet necessary in order to answer the questions regarding the motion resistances and contact resistances of pipe conveyors, loading of the conveyor belts etc. These research activities can be performed not only during the actual operation of pipe conveyors, but also by means of the special laboratory test set-ups combined with the application of the computational simulation models. The main task of this paper is to assess the creation of a suitable simulation model of the test set-up for a specified pipe conveyor developed with regard to realisation of the FEM analyses, using the software product Abaqus, as well as presentation of its application possibilities.
INTRODUCTION
Pipe conveyors belong to the group of continuous transport systems, which are increasingly popular in the systems of intra-plant logistics. Each final solution is original and although it is composed of the same construction parts as other pipe conveyors, the final form of the whole transport device is adapted to specific operating conditions and the place of installation.
The history of pipe conveyors goes back 70 years into the last century [2] . Their development and installation is also linked to the gradual development of the research in the field. The majority of initially realized research was aimed at improving the operational reliability and increasing performance, however, the research was not detailed. This trend of research in the field of pipe conveyors has been gradually attenuated, and at present particular researchers attempt to scrutinise detailed problems related to conveyor belt operation [3, 4] . This fact is more noted above all in recent years when the attention is focused on the research into the characteristics of conveyor belts, as found in Baburski [5] , who studied in more detail the mechanical properties of rubber-textile conveyor belts. Others, who dealt with the research of pipe conveyors, Will and Staribacher [6] , focused on the research of material conveying on long distances and also studied the characteristics and behaviour of conveyor belts.
Therefore, in recent years the research into the problem of pipe conveyors is focused predominantly on the conveyor belts and related operational characteristics. In terms of realization, it is a highly demanding problem, which focuses on measurements and experiments [7, 8] . Realization of experimental measurements during the normal operation of pipe conveyors is extremely demanding therefore most of experiments are conducted in laboratory conditions [9] . These experiments are focused on determining the strength properties of conveyor belts, as in Mazurkiewicz [10] , or on the operational parameters of pipe conveyors [11, 12] .
DYNAMIC FRICTIONS OF THE PIPE CONVEYOR
During the operation of pipe conveyors tasks are carried out and dynamic frictions are produced. Their creation is induced by mutual interaction of the endless conveyor belt and guide rollers. Broadly speaking, the study of dynamic frictions predominantly brings benefits in optimisation of cost for energy and lifetime of conveyor belts.
The value of dynamic frictions depends on the value of contact forces, which are the direct consequence of the already mentioned interaction between the conveyor belt and the guide roller. Therefore, it is necessary that the operator of pipe conveyors and their producers know the value of the contact forces and thus are able to set optimal operational conditions of the transport system to produce the most effective operation.
There are several ways to determine the size of dynamic frictions. The first method is the classic analytical calculation of the contact forces. The obtained results are greatly affected by the available data and material constants. Alternatively, the contact forces may be determined in experimental measurements in actual operational conditions. This way is relatively accurate however logistically demanding. The third method is presented by the form of realization of experimental measurement in laboratory conditions [13] . This measurement is not conducted in actual operational conditions but in simulated conditions, which are designed to imitate the actual ones. The important condition for the realization of this approach is the condition of disposal of s suitable test device. Finally, it should be noted that the second and third approach may be improved by means of computer simulation for example using FEM [1, 14] .
PIPE CONVEYOR TEST SET-UP
There are several testing instruments for the measurement of contact forces of pipe conveyors around the world. These differ in design and measurement procedure. Figure 1 presents one of these testing devices.
This testing device consists of a set of three permanently joined hexagonal idler housings. Each idler housing is composed of six static guide rollers with measuring sensors. The test set-up enables measurements of different type rubber-textile conveyor belts for pipes of different diameters. After initial measurements it was resolved that simulation experiments and a more detailed FEM analysis was required. Therefore, it was necessary to create a mathematical model of this testing device [15, 16] .
FEM MODEL OF PIPE CONVEYOR STATIC TEST SET-UP
The concept of the calculation model is based on its basic construction. The complex geometry of the FEM model was adapted to the custom design of the tested assembly: the conveyor belt surrounded by guide rollers.
The conveyor belt is located on guide rollers/ idlers, where the corresponding measuring sensors are located (Fig. 2) . Other components of the test set-up were not represented in the model as they are not essential for the calculations. The process of calculation was divided into two steps, which were controlled by time curves.
In the first step, the model of the conveyor belt is located on the rolled out conveying rollers and it is loaded by its own weight. In the second step, by means of defined boundary conditions (Fig. 3) , the gradual displacement of guide rollers to the required position was simulated. Simultaneously, the defined contact with individual rollers, allowed us to model the conveyor belt to gradually form the required shape. Local coordinate systems were used for simulating the movement of rollers. Rollers were chain linked by kinematic connections. The rotation of rollers is shown in Table 1 . The boundary conditions were defined by the way that they allow only rotary motion. The middle roller No.4 has all degrees of freedom in the simulation model and its position does not change.
Seven rollers were used in the calculation model, even though the hexagonal idler housing is composed six rollers. This is dictated by the desired shape of the balled conveyor belt. Specifically, the process of balling at the second stage of calculation is divided into two parts, i. (Fig. 4) . The first type TET was used for the conveyor belt and the second type HEX was used for the guide rollers and pivoting members.
After shaping into a pipe, the model of conveyor belt is loaded by tension force in addition to its own weight. The value of the load depends on the type of modelled conveyor belt and operational conditions. The loading of the conveyor belt is defined at the right edge of the conveyor belt whereas the left edge is fixed. During the course of loading within the simulation the calculation is controlled by time curve which is defined in accordance with the realized experimental measurements (Fig. 5) .
THE APPLICATION OF THE MATHEMATICAL MODEL
The presented mathematical model markedly expands the possibilities of experimental research into the dynamic frictions and contact forces of pipe conveyors. In the analysed field, it is of primary importance to establish the distribution of deformation zones along the whole surface of Roller No.7 -3.14 -3.14 -3.14 Fig. 4 . Demonstration of the generated FEM model balled conveyor belt. This data cannot be obtained from experimental measurements. Fig. 6 shows resulting deformation zones on the surface of the balled conveyor belt shaped into the pipe form. The results clearly indicate the position of deformation zones in the hexagonal idler housings. This highlights the size of the surface, which limits the range of contact forces effect and this affects the size of dynamic frictions. Also, it is possible to notice that the area of the belt which is not in contact with the guide rollers is only minimally affected by loading deformation forces.
A further observation shows the distribution of loading forces on the overlapping edges of the balled conveyor belt, which is presented is presented in Figure 7 .
The map of tension distribution, allows us to predict the size of mutual friction of the edges of the conveyor belt and the resulting wear. Another interesting fact is the loading of guide rollers by pressure of balled conveyor belt. The visualization of the value, position and range of actions is presented in Fig. 8 . The gathered information indicates whether the type of conveyor belt used in tests is not too soft or too hard. Both of these states significantly affect the amount of dynamic frictions and thus affect the operating characteristics of pipe conveyor as well as the amount of wear.
The mathematical model also allows us to assess the forming rollers regarding the values of contact force (Fig. 9 ). Fig. 9 shows the place where the contact between the balled conveyor belt and guide roller occurs. The result of the calculation clearly presents the surface which creates the contact. This helps to assess whether the conveyor belt is well-positioned in the hexagonal idler rollers. The analysis may also help to prevent contact in undesirable places, for example edges of guide rollers, etc.
CONCLUSIONS
Researching dynamic frictions of pipe conveyors is highly complicated to realize without realization of experimental measurements. Although the data obtained in this way is important and necessary, it is often insufficient if they not supported by other analyses by means of simulation experiments. The development of an adequate simulation model is far from easy and demands great skills in computer simulation and handling of simulation software.
The combination of data obtained from experimental measurements and simulation calculations is nowadays the key to the research of 
